Myelin-derived inhibitors limit axon outgrowth and plasticity during development and in the adult mammalian CNS. Nogo66, a functional domain of the myelin-derived inhibitor NogoA, signals through the PirB receptor to inhibit axon outgrowth. The signaling pathway mobilized by Nogo66 engagement of PirB is not well understood. We identify a critical role for the scaffold protein Plenty of SH3s (POSH) in relaying process outgrowth inhibition downstream of Nogo66 and PirB. Blocking the function of POSH, or two POSH-associated proteins, leucine zipper kinase (LZK) and Shroom3, with RNAi in cortical neurons leads to release from myelin and Nogo66 inhibition. We also observed autocrine inhibition of process outgrowth by NogoA, and suppression analysis with the POSH-associated kinase LZK demonstrated that LZK operates downstream of NogoA and PirB in a POSH-dependent manner. In addition, cerebellar granule neurons with an RNAi-mediated knockdown in POSH function were refractory to the inhibitory action of Nogo66, indicating that a POSHdependent mechanism operates to inhibit axon outgrowth in different types of CNS neurons. These studies delineate an intracellular signaling pathway for process outgrowth inhibition by Nogo66, comprised of NogoA, PirB, POSH, LZK, and Shroom3, and implicate the POSH complex as a potential therapeutic target to enhance axon outgrowth and plasticity in the injured CNS.
Introduction
The regenerative and plastic capacity of the adult mammalian CNS is limited, contributing to poor functional recovery after injury or disease. CNS axons are capable of regenerating but fail to do so, in part because factors present in the CNS actively prevent axon outgrowth (Kubo et al., 2007; Walmsley and Mir, 2007; Gonzenbach and Schwab, 2008; Schwab and Caroni, 2008 ). Factors that limit axon outgrowth and plasticity have been purified from CNS myelin and include myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein, and NogoA (McGee et al., 2005; Walmsley and Mir, 2007; Giger et al., 2008; Gonzenbach and Schwab, 2008) . In addition to limiting axon outgrowth and plasticity in the adult CNS, NogoA also regulates axon outgrowth and plasticity during development (McGee et al., 2005; Syken et al., 2006; Mingorance-Le Meur et al., 2007; Atwal et al., 2008; Wang et al., 2008; Brösamle and Halpern, 2009; Datwani et al., 2009; Petrinovic et al., 2010) .
Nogo66, an axon outgrowth inhibitory domain of NogoA, engages cell surface receptors Nogo66 Receptor 1 (NgR1) and Paired Ig-like Receptor B (PirB) to mediate intracellular signal transduction (GrandPré et al., 2000; Fournier et al., 2001; Oertle et al., 2003; Atwal et al., 2008) . NgR1 links to Rho and its downstream effector Rho kinase to regulate cytoskeletal dynamics associated with growth cone collapse and inhibition of axon outgrowth (Walmsley and Mir, 2007; Gonzenbach and Schwab, 2008) . PirB is a recently identified receptor for myelin-derived inhibitory substrates (Syken et al., 2006; Atwal et al., 2008) . The signaling pathway activated when myelin-derived inhibitors engage PirB is not known. However, in hematopoietic cells, where PirB signaling has been more extensively studied, phosphorylation of the receptor at specific tyrosines by src family kinases recruits SH2-homology-containing protein tyrosine phosphatases SHP1 and SHP2 (Kubagawa et al., 1997; Ho et al., 1999) .
Plenty of SH3s (POSH, also known as SH3rf1) is an intracellular, multidomain scaffold protein that regulates diverse biological functions, including apoptosis, calcium homeostasis, morphogenesis, and neuronal process outgrowth (Tapon et al., 1998; Schnorr et al., 2001; Figueroa et al., 2003; Xu et al., 2003 Xu et al., , 2005 Tuvia et al., 2007; Taylor et al., 2008) . POSH contains multiple protein-protein interaction domains, including an N-terminal RING domain, four Src homology 3 (SH3) domains, and a Rac binding domain. As a scaffold protein, POSH exerts its function through interacting partners, which include the actinmyosin regulatory protein Shroom3, the small GTPase Rac, and mixed lineage kinases (Tapon et al., 1998; Xu et al., 2003; Taylor et al., 2008; Zhang et al., 2009 ). We previously reported that POSH limits axon growth through a Shroom3-ROCK-myosin signaling pathway . Here, we demonstrate that the scaffold protein POSH, in association with Shroom3 and the mixed lineage kinase LZK, relays axon outgrowth inhibition downstream of NogoA and PirB.
Materials and Methods
Antibodies. For axon outgrowth assays, cells were stained with anti-green fluorescent protein (GFP) rabbit primary antibody and Alexa Fluor 488 goat anti-rabbit secondary antibody (both from Invitrogen). For West-ern blots, the following primary antibodies were used: goat anti-Nogo (N18) and anti-ILT-5/PirB (C-19) (Santa Cruz Biotechnology), rabbit anti-actin (Sigma), and rabbit anti-GFP (Invitrogen). Secondary antibodies used were goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate (Bio-Rad) and bovine anti-goat IgG HRP (Santa Cruz Biotechnology).
Expression constructs and RNAi. pUI4-SIBR-GFP is a short interfering RNA (siRNA) expression vector that coexpresses the GFP protein and an siRNA from an intronic expression cassette (the SIBR cassette) based on the miR-155 microRNA precursor (Chung et al., 2006; Taylor et al., 2008) . For each siRNA, a pUI4-SIBR-GFP vector expressing one to four identical tandem copies of the siRNA SIBR cassette was constructed (Chung et al., 2006; Taylor et al., 2008) . POSH-6, luciferase (a functional control RNAi vector), Shroom3-3, and myosinIIA-1 are described by Taylor et al. (2008) . The sequences of LZK, Nogo, and PirB siRNAs are as follows: LZK-1, 5Ј UU-CAUCGGGACUGUUCGAGUGG 3Ј; LZK-2, 5Ј AUCAAUGUUA-CAGUAGCCGGAG 3Ј; Nogo-1, 5Ј AAUCUUUGAAAUGACGGUUACG 3Ј; Nogo-3, 5Ј UAUACCGUCAUAACUAACUGGA 3Ј; PirB-294, 5Ј AACAAUAACAGCGAUAUUGCCC 3Ј; and PirB-874 siRNA, 5Ј AA-CAUCGAUAUUGACCUGCAUU 3Ј. Western blot analysis confirmed knock-down of endogenous NogoA and PirB (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). To construct CS2ϩNFLAG LZK, an N-terminally FLAG-tagged construct, LZK was cloned by reverse transcription (RT)-PCR from RNA isolated from adult mouse brain. Kinase dead LZK was constructed by site-directed mutagenesis, AAG being converted to GCG, substituting lysine 195 to alanine. ATP fails to bind at the active site in the mutant protein, resulting in a catalytically defective, kinase-dead mutant (Ikeda et al., 2001) .
Preparation of myelin and recombinant proteins. Myelin extracts were prepared from adult rat brains, as described previously (Larocca and Norton, 2006) . His-SUMO-conjugated Nogo66 (amino acids 1055-1079) or His-SUMO was expressed overnight at 25°C in Escherichia coli and purified on Ni-NTA His bind resin (Qiagen). Briefly, E. coli were lysed by sonication in PBSϩ (PBS, 0.1 mM PMSF, 0.35 mg of aprotinin, 0.1% ␤-mercaptoethanol, 10 mM imidazole, 2 nM leupeptin). Triton X-100 was added to the lysate at 1% of the final volume. Lysates were incubated with Ni-NTA His bind resin for 1 h at 4°C and washed three times in PBSϩ with 300 mM NaCl. Protein was eluted from the beads with elution buffer (50 mM NaHPO 4 , 300 mM NaCl, 250 mM imidazole) and 25% glycerol was added. Protein concentration was determined by Bradford assay (Bio-Rad) and Coomassie gel with bovine serum albumin standards.
Axon outgrowth assays. Four-well chamber slides (Lab Tek II, Fisher Scientific) were coated with 10 g/ml poly-L-lysine for 4 h then overnight with 2 g/ml laminin (Invitrogen), or laminin plus myelin at 4°C, or laminin plus control His-SUMO (2.5 g/cm 2 ), or laminin plus His-SUMO Nogo66 (2.5 g/cm 2 ). After overnight incubation, unbound substrates were removed by rinsing with PBS. Cortical primary progenitors were cultured as previously described . Primary progenitors were nucleofected with a total of 6 g of DNA (4.5 g of pUI4 vector and 1.5 g of empty vector control, pCS2-NFLAG LZK, or pCS2-NFLAG LZK KD, or 3 g of pUI4 vector and 3 g of pUI4-myosin IIA RNAi expression vector). Cells were fixed in 3.7% formaldehyde 72 h postnucleofection. Cells were stained with an anti-GFP primary antibody and Alexa Fluor 488 goat anti-rabbit secondary antibody (both from Invitrogen). The efficiency of conucleofection of two different plasmids in primary cortical neurons is 94%. Conucleofection efficiency was determined by nucleofecting two plasmids expressing different markers (mCherry or GFP) and the percentage of cells expressing GFP, mCherry, or both markers was determined in two independent experiments.
Measurement of process length. The length of the longest process per cell was measured in photographs of fixed, GFP-stained neurons with the polyline function in MicroSuite imaging software version 5.0 (Olympus) . Processes 50 m (three times the length of the cell body) or greater were measured. In the myelin and Nogo66 inhibition assays, all processes were measured, including processes less than 50 m. Statistical significance was assessed using the Student's t test. The datasets analyzed in the t test were the measurements of the total number of GFP-positive neurons from three independent nucleofections. Cerebellar granule neurons. Cerebellar granule neurons (CGNs) were isolated from the cerebellum of postnatal d 8 mice as described previously (Bilimoria and Bonni, 2008) . CGNs were nucleofected as described previously (Venkatesh et al., 2005; Robak et al., 2009 ) with a total of 4 g of DNA [luciferase (control RNAi vector) or POSH-6 RNAi vector]. Cells were plated onto four-well chamber slides and incubated for 4 h with 10 g/ml poly-L-lysine, then overnight with 2 g/ml laminin or laminin plus myelin at room temperature, laminin plus control His-SUMO (2.5 g/cm 2 ), or lamininϩHis-SUMO Nogo66 (2.5 g/cm 2 ) at 4°C. Twentyfour hours later, postnucleofection cells were fixed with 3.7% formaldehyde. Cells were incubated with rabbit anti-GFP primary antibody (Invitrogen) and neuronal class III ␤-tubulin monoclonal antibody TuJ1 (Covance), followed by detection with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat anti-mouse secondary antibodies (both from Invitrogen). Average process length was quantified as described above and by Taylor et al. (2008) .
RT-PCR. RNA was purified from untransfected cortical neuron cultures (RNeasy kits; Qiagen) and genomic DNA was removed from RNA samples using RNase-Free DNase (Qiagen). RT was performed using SuperScript II (Invitrogen) and Random Primer 12 (NEB) at 25°C for 10 min, 42°C for 1 h, and 72°C for 15 min. cDNA samples were analyzed by PCR (Expand High Fidelity PCR System; Roche) with the following primers: POSH F1, 5Ј CAGGTCCATATAAGCACCACTG 3Ј; POSH R1, 5Ј GGTAGGGGACATCTGAAGGGA 3Ј; POSH F2, 5Ј GTGACTAAA-GAGCACAAAGCAG 3Ј; POSH R2, 5Ј CAAGGCACACTTTACACAT-CAG 3Ј; Nogo F1, 5Ј GTGCCCTTATTGCTTCCAAA 3Ј; Nogo R3, 5Ј TCTGGATAGCTTGGATCACACCCTTA 3Ј; Nogo F3 5Ј CAGGG-GCTCGGGCTCAGT 3Ј; Nogo F-C 5Ј ATGGACGATCAGAA-GAAACGTTGGAA 3Ј; HPRT forward, 5Ј CAAACTTTGCTTTCCCT-GGT 3Ј; HPRT reverse, 5Ј CAAGGGCATATCCAACAACA 3Ј. Nogo F1, Nogo F3, and Nogo R3 have been previously described (Makeyev et al., 2007) . PCR products were analyzed by agarose gel electrophoresis. Similar results were obtained with two independent RNA samples.
Western blot analysis to test efficacy of RNAi constructs. Western blot analysis was performed to test the ability of the siRNAs to target endogenous Nogo. Cellular extracts were prepared from transiently transfected, puromycin-selected P19 cells, as previously described Taylor et al., 2008) . To test the efficacy of the vector expressed PirB siRNAs, HEK 293 cells were transfected with a PirB expression construct together with a control or PirB RNAi vector. Western analysis was performed on the extracts prepared 36 h after transfection.
Results
In a previous report, we demonstrated that POSH limits axon outgrowth through a Shroom3-ROCK-myosin signaling pathway . To determine whether myelin inhibitors signal to POSH to limit axon outgrowth, control neurons or neurons with RNAi-mediated knockdown of POSH function were assessed for their ability to extend processes in the presence of CNS myelin. Mouse primary embryonic cortical neurons were nucleofected with control or POSH RNAi expression vectors and cultured on poly-L-lysine/laminin (PLL) with or without purified myelin. The UI4-SIBR RNAi vectors express a single vectorderived transcript for RNAi and GFP expression, with GFP expression identifying the transfected neurons (Chung et al., 2006; Taylor et al., 2008) . Process outgrowth in GFP-labeled cortical neurons was analyzed 72 h after nucleofection and plating. Myelin reduced average process length of control RNAi-transfected neurons to 66% of the length on PLL only (Fig. 1 A, B,G) . POSH RNAi neurons exhibited increased process length relative to control RNAi neurons when plated on PLL, as we previously reported , indicating that POSH negatively regulates process outgrowth (Fig. 1 A, D,G) . Strikingly, process length of POSH RNAi neurons was not reduced when plated on myelin (Fig. 1 D, E,G) . The observation that POSH RNAi neurons are refractory to inhibition by myelin suggests that, in primary cortical neurons, myelin-based inhibitors act through a signaling pathway that includes POSH.
Several proteins in myelin limit process outgrowth, including NogoA (Giger et al., 2008; Gonzenbach and Schwab, 2008) . We tested whether Nogo66, a soluble domain of the NogoA ligand, inhibits process outgrowth of control or POSH RNAi neurons. Primary cortical neurons were nucleofected with control or POSH RNAi expression vectors and cultured on bacterially expressed and purified Nogo66. Process length was assessed in fixed, GFP-stained neurons. Nogo66 inhibited process length of control RNAi neurons ( Fig. 1 A, C,G) . In contrast, POSH RNAi neurons were refractory to the inhibitory action of Nogo66 (Fig.  1 D, F,G) . This result suggests that Nogo66 signals to POSH to inhibit process outgrowth and that the inhibitory action of myelin is mediated, at least in part, through a NogoA/POSH signaling pathway. Nogo66 also inhibits axon outgrowth in CGNs (K. C. Atwal et al., 2008) . Since different neuronal cell types could use different mechanisms for Nogo66 inhibition, we investigated whether POSH mediates inhibition of axon outgrowth in response to Nogo66 in postnatal CGNs. Like cortical neurons, POSH RNAi CGNs were refractory to the inhibitory action of Nogo66 (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), suggesting that a POSH-dependent mechanism operates in different neuronal cell types to inhibit axon outgrowth in response to Nogo66. POSH regulates biological outcomes by assembling a protein interaction network, which includes the actin-myosin regulatory protein Shroom3 and the mixed lineage kinase LZK (Ikeda et al., 2001; Xu et al., 2003) . To determine whether these known binding partners for POSH mediate myelin inhibition, primary cortical neurons were nucleofected with control, Shroom3, or LZK RNAi vectors and process outgrowth was analyzed in the presence or absence of myelin. Inhibition of Shroom3 function by RNAi resulted in increased process length relative to control neurons when neurons were plated to PLL (Fig. 1G) , consistent with our previous study demonstrating that the POSH-Shroom3 complex inhibits process outgrowth . Likewise, LZK RNAi cortical neurons exhibited increased process lengths when plated to PLL relative to control neurons ( Fig. 1 H, supplemental Fig. S2 A, available at www. jneurosci.org as supplemental material), consistent with a role for LZK as a negative regulator of process outgrowth. Plating to myelin did not inhibit process length of Shroom3 or LZK RNAi neurons (Fig. 1G,H ) . In addition, process length was not decreased when Shroom3 or LZK RNAi neurons were plated to Nogo66 (Fig. 1G,H ) . Thus, reducing Shroom3 or LZK function with RNAi results in neurons that are refractory to myelin and Nogo66 inhibition. Together, the observations that POSH and its binding partners Shroom3 and LZK modulate responsiveness to myelin and Nogo66 identify the POSH complex as an intracellular signal transducer for myelin-derived inhibitors.
Like NogoA (Huber et al., 2002; X. Wang et al., 2002; Mingorance-Le Meur et al., 2007) , POSH is expressed in mouse embryonic cortical neurons in vitro (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Given this overlap in expression, RNAi-mediated reduction of NogoA function was used to investigate the potential for signaling from endogenous NogoA to POSH. Cortical primary neurons were nucleofected with control or Nogo-specific RNAi expression vectors to determine whether Nogo expression in cortical neurons limits axon outgrowth. The Nogo gene encodes for three variants, NogoA-C (Gonzenbach and Schwab, 2008) , that share a C terminal neurite outgrowth inhibitory domain, Nogo66 Neurons were fixed 3 d after nucleofection, stained for GFP, and process length was determined. RNAi vectors express GFP and a specific siRNA from a single vector-derived transcript. The control RNAi vector expresses a functional siRNA that targets luciferase and serves as a control for nonspecific effects. POSH-6, Shroom3-3, LZK-1, and PirB-871 RNAi vectors express specific siRNAs that target POSH, Shroom3, LZK, and PirB receptor mRNA sequences, respectively. Scale bars, 100 m. G, H, Average process length was determined from three independent experiments, with 551-810 neurons in total measured per condition. Myelin and Nogo66 reduced average process length of control neurons. In contrast, neither myelin nor Nogo66 reduced average process length of POSH, Shroom3, LZK, or PirB-RNAi knockdown neurons. *,**p Ͻ 0.0001; Student's t test.
gets the exon unique to NogoA and thus this construct specifically targets NogoA (supplemental Fig. S4 , available at www. jneurosci.org as supplemental material). Process length in Nogo-3 RNAi-depleted neurons was increased relative to control (Fig. 2 A) , as expected if NogoA limits process outgrowth. Similar results were obtained with a second siRNA, Nogo-1, that targets the 3ЈUTR of the Nogo mRNA, reducing the expression of Nogo isoforms, NogoA/B (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). The Nogo-1 RNAi construct is also expected to reduce the expression of NogoC because the 3ЈUTR is conserved among the mRNAs for the three Nogo isoforms and RT-PCR analysis indicates that NogoC, along with NogoA/B, is expressed in cortical neurons (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Together, these results support a role for NogoA as an inhibitor of process outgrowth of cortical neurons grown in culture, and suggest that NogoB and NogoC do not function redundantly with NogoA to regulate process outgrowth. Since RNAi-mediated reduction of NogoA function in neurons enhances process length, this result suggests that NogoA acts in a cell autonomous, intrinsic fashion to inhibit process outgrowth. In addition, NogoA can act in a non-cell autonomous fashion, as process outgrowth of control cortical neurons is inhibited when plated directly onto purified Nogo66 protein (Fig. 1) . Finally, purified Nogo66 protein, added externally, reverses the NogoA RNAi phenotype (Fig. 2C) , unlike the addition of Nogo66 to PirB RNAi neurons (compare Figs. 2C, 1 H) , indicating that cells in which NogoA is reduced can still respond to external Nogo66 as expected.
Myosin IIA RNAi reverses the increase in process length associated with RNAi depletion of POSH or the POSH-associated proteins Shroom3 and LZK (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material). However, myosin IIA RNAi does not reverse the increase in process length resulting from RNAi-mediated reduction of the neurite outgrowth inhibitors Robo1 or Ephrin B2 . The molecular mechanism by which a reduction in myosin IIA function suppresses axon outgrowth in neurons deficient in POSH function, but not Ephrin B2 or Robo1, remains to be determined. Nonetheless, these observations suggest that myosin IIA reduction of function can distinguish among pathways that negatively regulate axon outgrowth, with some pathways sensitive to myosin IIA reduction of function (e.g., POSH) and others insensitive (Ephrin B2, Robo) , and this provides a useful tool to assess whether specific components might be associated with a POSH signaling pathway for axon outgrowth inhibition. The ability of myosin IIA RNAi to suppress axon outgrowth was used to test whether NogoA signals to POSH to regulate process outgrowth. Primary cortical neurons were nucleofected with control, POSH, or Nogo RNAi expression vectors, together with a myosin IIA RNAi expression vector. As reported previously , control neuron process length was unaffected by myosin IIA RNAi, and POSH RNAi neuron process length was reduced by myosin IIA RNAi (Fig. 2 B) . Process length of Nogo RNAi neurons was also reduced by myosin IIA RNAi (Fig. 2 B) , consistent with the hypothesis that NogoA signals through a POSH-dependent pathway to regulate process outgrowth.
Next, suppression analysis was used to test the hypothesis that LZK is a functional effector for Nogo signaling and to order the genes in the signaling pathway. If increased expression of LZK can compensate for loss of Nogo function, then this observation would support a role for LZK as a downstream effector of Nogo signaling. Cortical neurons were nucleofected with a Nogo RNAi expression vector and a control vector or a vector that expresses catalytically active or inactive forms of LZK. The efficiency of nucleofection of both plasmids was 94% (see Materials and Methods) . Ectopic expression of wild-type, but not catalytically inactive, LZK suppressed the enhanced process length phenotype exhibited by Nogo RNAi nucleofected neurons (Fig. 3A-E) . Suppression of the Nogo RNAi knockdown phenotype by increased expression of LZK is consistent with a model in which Nogo/ POSH signaling is mediated, at least in part, by LZK. It is also Figure 2 . Nogo inhibits axon outgrowth in cortical neurons in both a cell-autonomous and non-cell-autonomous fashion. A-C, Primary cortical neurons were nucleofected with the indicated RNAi constructs, plated to PLL (A-C) or PLL plus Nogo66 (C) and process length determined on fixed, GFP-expressing neurons. Average process length was determined from three independent experiments, with a combined total of 364 -521 neurons measured per condition. A, RNAi-mediated reduction of NogoA function enhances axon outgrowth of primary cortical neurons. The Nogo-3 RNAi vector targets an exon unique to NogoA mRNA, selectively reducing the expression of NogoA but not NogoB or -C. *p Ͻ 0.0001, Student's t test. B, RNAi-mediated reduction of NogoA-C enhances axon outgrowth. As observed for POSH RNAi, enhanced axon outgrowth from Nogo RNAi is reversed by a reduction in myosin IIA function (see text). Nogo-1 RNAi targets the 3ЈUTR of the Nogo mRNA, reducing expression of NogoA-C. *,**p Ͻ 0.0001, Student's t test. C, External addition of purified Nogo66 reverses the Nogo RNAi phenotype. Process length was determined 3 d after nucleofection and plating to PLL or PLL plus Nogo66. *,**p Ͻ 0.0001, Student's t test.
possible that increased LZK activity suppresses by activating a compensatory signaling pathway, not directly linked to NogoA function. However, this is unlikely because increased expression of LZK did not suppress process outgrowth of POSH RNAi neurons (Fig. 3F ) , indicating that LZK suppression of process outgrowth requires the POSH scaffold. Together, these observations indicate that LZK regulates process outgrowth inhibition in a POSH-dependent manner downstream of NogoA.
PirB is a functional receptor for Nogo and MAG in CGNs and dorsal root ganglion neurons (Atwal et al., 2008) . If PirB transmits axon outgrowth inhibitory signals in cortical neurons, then reducing PirB function with RNAi should lead to increased process length. Cortical neurons with an RNAi-mediated reduction in PirB function exhibited an increase in process length (Fig. 4A ) consistent with PirB functioning as a negative regulator of process outgrowth. A second RNAi construct, targeting a different PirB sequence, gave a similar result (data not shown and supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Further, if PirB is acting as a receptor to transmit inhibitory signals from myelin and NogoA in cortical neurons, then PirB RNAi neurons should be refractory to myelin and Nogo66 inhibition. Process length of PirB RNAi neurons was unaffected by myelin and Nogo66 (Fig. 1 H) , supporting a role for PirB in myelin/Nogo-mediated inhibition in cortical neurons. Moreover, if PirB acts via POSH to inhibit process outgrowth, then myosin IIA RNAi is expected to reverse the PirB RNAi phenotype. Indeed, PirB RNAi neuronal process length was decreased by RNAi-mediated reduction in myosin IIA (Fig. 4 B) . Finally, if PirB signals to the POSH complex, then overexpression of LZK is expected to reverse the PirB RNAi phenotype. Overexpression of LZK in PirB RNAi-depleted cortical neurons reduced process length to control levels (Fig. 4 A) , supporting a role for the PirB receptor in transmitting inhibitory cues to the POSH/LZK complex to regulate process outgrowth.
Discussion
Together, these results define a central role for the POSH complex in relaying process outgrowth inhibition downstream of NogoA and PirB (Fig. 4C) . Supporting a role for POSH as a downstream effector of myelin-based inhibitory signals, RNAimediated reduction in POSH function results in primary cortical neurons that robustly extend processes in the presence of CNS myelin, in contrast to control neurons, which are inhibited by myelin. As a scaffold protein, POSH operates through coassociating binding partners. POSH interacts with the actin-myosin regulatory protein Shroom3 to regulate process outgrowth inhibition and we demonstrate here that neurons with RNAi-knockdown of Shroom3 function are refractory to the inhibitory action of CNS myelin or Nogo66, supporting a role for the POSH/Shroom3 complex in process outgrowth inhibition downstream of myelin and Nogo66. Neurons with an RNAimediated reduction in a second POSH interacting protein, the mixed lineage kinase LZK, are also refractory to the inhibitory action of myelin or Nogo66, providing further support for a key role for the POSH complex in transmitting axon outgrowth inhibitory cues from CNS myelin-derived inhibitors.
PirB is a receptor for Nogo66 (Atwal et al., 2008; Filbin, 2008 ) and our observations are consistent with PirB signaling to POSH to mediate process outgrowth inhibition in cortical neurons. First, RNAi-mediated reduction of PirB in primary cortical neurons results in increased neuronal process length and prevents inhibition by myelin or Nogo66, indicating that PirB, like POSH, negatively regulates process length in cortical neurons. Second, overexpression of the POSH-associated effector protein LZK suppresses the PirB RNAi-mediated increase in process length. Similarly, LZK suppresses increased process outgrowth from Nogo RNAi neurons. However, increased expression of LZK does A-E, LZK functions downstreamofNogo.CorticalneuronswerenucleofectedwiththeindicatedRNAivectorsandexpression vectors for wild-type LZK, kinase dead (KD) LZK, or vector control. Nucleofected neurons were fixedandstainedforGFP72hafternucleofection.Measurementsweremadeon237-312neuronsper condition from three independent experiments. The increase in process length from Nogo RNAi is reversed by ectopic expression of catalytically active, but not kinase dead, LZK. *,**p Ͻ 0.0001, Student's t test. Scale bar, 100 m. F, LZK suppression is POSH-dependent. Primary neurons were nucleofected with control or POSH RNAi vectors and an expression vector for wild-type LZK or vector control. In total, 325-414 neurons were measured per condition from three independent experiments. Ectopic expression of catalytically active LZK fails to reverse the POSH RNAi-mediated increase in process length. *p Ͻ 0.0001, Student's t test.
not suppress the POSH RNAi enhanced process outgrowth phenotype, arguing that LZK does not suppress by simply activating a compensatory signaling pathway unlinked to PirB and POSH, but instead requires the POSH scaffold. Third, inhibition of myosin IIA function reverses the PirB RNAi phenotype, as well as the Nogo RNAi-mediated enhancement of process outgrowth. Similarly, myosin IIA RNAi reverses the increase in process length from LZK RNAi, as well as from POSH RNAi and Shroom3 RNAi . The mechanism by which reduction of myosin IIA function is able to shorten process length under some conditions but not others remains to be determined. Nonetheless, that reduction of both ligand and receptor (Nogo/PirB) can be reversed by reduction of myosin IIA function, matching what is observed for POSH and POSHassociated proteins, further supports the proposed pathway of NogoA-PirB-POSH. Collectively, these observations implicate the PirB receptor as a critical component in signaling process outgrowth inhibition reliant on POSH function. In hematopoietic cells, PirB signals by recruitment of the tyrosine phosphatases SHP1/2 (Kubagawa et al., 1997; Ho et al., 1999) . Likewise, in neurons responding to myelin or Nogo66 inhibition, PirB may recruit SHP2 to signal to POSH, but the identity of potential SHP2 substrate(s) in this pathway remains to be determined.
Further, these studies suggest that neuronally expressed NogoA limits axon outgrowth in a cell autonomous, intrinsic fashion, as RNAi-mediated reduction of Nogo function in cortical neurons enhances axon outgrowth. In contrast to neurons in which PirB or POSH/Shroom3/LZK are inhibited by RNAi, external application of Nogo66 to Nogo RNAi knockdown neurons inhibits enhanced process outgrowth, consistent with the model that the NogoA RNAi phenotype represents loss of an autocrine ligand for PirB, whereas disruption of PirB or POSH complex function prevents inhibition by either extrinsic or autocrine Nogo. The existence of autocrine Nogo inhibition also suggests an explanation for increased process outgrowth from POSH RNAi neurons in the absence of external inhibitory molecules . Intriguingly, multiple inhibitory domains reside within Nogo, yet Nogo66 alone is sufficient to suppress the Nogo RNAi phenotype, highlighting the important role of this domain in mediating process outgrowth inhibition. The ability of NogoA to limit process outgrowth in cis may function to limit axon outgrowth and plasticity during development (McGee et al., 2005; Syken et al., 2006; Mingorance-Le Meur et al., 2007; Atwal et al., 2008; Wang et al., 2008; Brosamle and Halpern, 2009; Datwani et al., 2009; Petrinovic et al., 2010) . Collectively, these results indicate that extrinsic and intrinsic mechanisms for impeding axon outgrowth converge on the POSH scaffold complex. Whether POSH signaling is downstream of CNS axon outgrowth inhibitors, in addition to NogoA/ Nogo66, is an important question to be addressed in future studies.
Several Nogo isoforms are expressed in neurons, NogoA-C. All three isoforms contain the Nogo66 C-terminal inhibitory domain and are reported to localize to the plasma membrane (Dodd et al., 2005) . Surprisingly, RNAi-mediated reduction of NogoA function alone is indistinguishable from RNAi-mediated reduction of all three Nogo isoforms simultaneously, indicating that NogoB and -C fail to compensate for NogoA deficiency. Perhaps unique sequences present in NogoA enable the protein to fold in a conformation that facilitates binding to a Nogo receptor residing in the same membrane (in cis).
Proteins present in CNS myelin, including NogoA, are a major impediment to the repair of the injured CNS. The results presented here demonstrate a novel function for the POSH scaffold in signaling process outgrowth inhibition in response to NogoA, and delineate a new signaling pathway for process outgrowth inhibition, comprised of NogoA, PirB, POSH, and LZK.
Identification of intracellular signaling components mediating myelin inhibition provides potential new targets for the development of therapeutics aimed at restoring function in the injured CNS. Blockade of POSH scaffold function, or the function of POSH comediators, has the potential to enhance axon Primary cortical neurons were nucleofected with the indicated RNAi vectors, plated to PLL, and process length scored 72 h after nucleofection. In total, 359 -627 neurons were measured per condition from three independent experiments. A, LZK functions downstream of PirB. The PirB RNAi-mediated increase in process length is reversed by ectopic expression of LZK. *,**p Ͻ 0.0001, Student's t test. B, As observed for POSH RNAi, reduction of myosin IIA function reverses the PirB RNAi phenotype. *,**p Ͻ 0.0001, Student's t test. C, Model for process outgrowth inhibition by NogoA. The POSH scaffold protein couples to the mixed lineage kinase LZK and the actin-myosin regulatory protein Shroom3 to relay process outgrowth inhibitory signals from NogoA. PirB, a receptor for NogoA, relays signals to the POSH complex. External NogoA can inhibit axon outgrowth. In addition, NogoA on the neuron can self-limit axon outgrowth in a cell autonomous manner. MKK, mitogen-activated protein kinase kinase; JNK, c-Jun N-terminal kinase.
